Introduction
Current flow cytometry technology relies on integrated light signals to extract molecular and limited morphological information for cell differentiation, which requires cell staining. Despite development of angle-resolved scanning and non-coherent imaging methods [1, 2] , which is based on two-dimensional (2D) projection of a 3D structure, it remains a challenge to quantitatively extract 3D morphological features from cells with a flow cytometer for characterization and classification. An approach to achieve the desired goal is to extract 3D morphological features of a cell from the spatial distribution of elastically scattered light when a flowing cell is excited by a coherent light beam, typically from a laser. With an imaging detector to record far-field distribution of scattered light intensity, this method shares the same 
BIOPHOTONICS
Diffraction imaging of polystyrene spheres and B16F10 mouse melanoma cells embedded in gel has been investigated with a microscope objective. The diffraction images acquired with the objective from a sphere have been shown to be comparable to the Mie theory based projection images of the scattered light if the objective is translated to defocused positions towards the sphere. Using a confocal imaging based method to reconstruct and analyze the 3D structure, we demonstrated that genetic modifications in these cells can induce morphological changes and the modified cells can be used as an experimental model for study of the correlation between 3D morphology features and diffraction image data.
Diffraction images of spheres (left column) and melanoma cells (right column) acquired with an objective.
foundation with optical diffraction tomography (ODT) [3] . In ODT multiple diffraction images are acquired at different incident angles with scattered light near the forward direction. For this reason, we term the method of acquiring elastically scattered light as image data in a desired angular region as the diffraction imaging method here. In both cases, the fringe patterns contained in the diffraction images depend on the 3D structure of the specimen, and thus provide the basis for extraction of 3D morphological features. A significant difference, however, lies in the approaches to obtain 3D morphology information. In ODT, the specimen is required to contain weak scatterers or be of low optical density so that the first Born approximation can be used for rapid inversion of multiple diffraction images for 3D reconstruction. By contrast, the diffraction imaging method implemented with a flow cytometer is not aimed at 3D reconstruction. Rather, extraction of 3D features can be realized from one or two diffraction images formed with light scattered in large angles from the forward direction that is expected to strongly correlate with the intracellular structures or optical heterogeneity. Since the size parameters for most mammalian cells are of moderate values, establishing a database of 3D structures and numerically generated diffraction images becomes practical given the availability to accurately model light scattering using efficient algorithms such as the parallel finite-differencetime-domain (FDTD) or parallel discrete dipole approximation methods [4] [5] [6] [7] [8] . Under these conditions, pattern recognition algorithms trained by accurate modelling results can be developed for rapid extraction of 3D morphological features from diffraction image data acquired with a flow cytometer.
To develop a diffraction imaging flow cytometer, several hurdles have to be crossed such as acquisition of high-quality diffraction images with an easyto-align imaging system, development of accurate modelling tools and pattern analysis algorithms. In a conventional flow cytometer, an incident light beam typically propagates through interfaces between the host medium of either air or flow chamber material and the fluid before reaching the target cell carried by the fluid. These interfaces are of large curvatures with mismatched indices of refraction which cause strong spurious scatters coexisting with those due to the cell in a diffraction image. Recently, a beam-inflow design has been reported in which a laser beam is coupled longitudinally into a waveguide channel acting also as a microfluidic channel [9, 10] . In this approach the laser beam excites the particle carried by a fluid flowing in the waveguide with diffraction image acquisition achieved through an optical window that couples the side scatters directly into a CCD camera. While the beam-in-flow design provides an interesting means to eliminate the spurious scattering noise, several potential problems remain to be solved. One issue relates to a low throughput because diffraction imaging of single particles requires only one particle carried by the longitudinally illuminated flow. Further, the double use of the optical waveguide as a microfluidic channel may present design dilemmas when particle excitation at multiple wavelengths is desired.
We have developed a jet-in-fluid method to obtain high-quality diffraction images with a microscope objective [11] . In this design, a water based laminar flow carrying specimens in the core fluid is injected into a water reservoir held in a glass cuvette before it is collected by an exit needle. The gap space between the injection nozzle and exit needle contains no optical heterogeneity near the specimen. One or more laser beams can be introduced from the plane side surfaces of the cuvette to excite the specimen. A microscope objective and a camera are used to collect and record scattered light distribution from another side of the cuvette with a field-of-view (FOV) far from the cuvette side surfaces. The jet-influid design eliminates the index-mismatched interfaces close to the flowing specimen while preserves the essential features of a conventional flow cytometer that allows high throughput assay and multiple excitation beams.
The use of a microscope objective to relay the scattered light from the flowing specimen to camera enables alignment of the imaging system without an additional microscope. The objective, however, adds considerable complexity in image analysis since modelling of its effect on scattered light distribution requires design parameters which are typically not provided by the objective vendor. More importantly, it is not clear on how to position the objective relative to the focused position defined for non-coherent imaging for acquiring diffraction images that are comparable to theoretical modelling. In this paper we report our investigation of diffraction imaging of single spheres embedded in gel with a microscope objective and comparison with calculated results based on Mie theory. In addition, results of study on two types of B16F10 cells are also presented through diffraction imaging and 3D structure analysis to demonstrate that the morphological changes induced by genetic modifications in these cells can serve as a good model for investigation of the correlation between diffraction images and 3D morphological features.
Experimental

Cell preparation and confocal imaging
The B16F10 cells were derived from a spontaneous melanoma of C57BL/6 mouse [12] and contain large numbers of mitochondria and melanin particles which can have significant effect on distribution of scattered light. Genetic modification of B16F10 cells can lead to cell morphological change and variation in melanin content in the cells, providing an interesting experimental model for study of correlation between diffraction image data and morphological features of the cells. B16F10 cells originally from the American Type Culture Collection (ATCC) were cultured in DMEM medium with 10% fetal bovine serum in a tissue culture incubator. Genetic modification of B16F10 cells was done by stably transducing the cells with the GPR4 gene (B16/GPR4) or the MSCV-IRES-GFP expression vector (B16/vector). After the cells reach 70-80% confluence, they were detached and re-suspended in the DMEM medium. The cells were separated into two different groups with one for diffraction imaging without staining and the other double stained for confocal imaging using one dye for nuclei (SYTO 61, Invitrogen) and one for mitochondria (MitoTracker Orange, Invitrogen). After incubation in culture media with the two dyes for 30 minutes, the cells were brought to a confocal microscope (LSM510, Zeiss) for imaging.
We have acquired stacks of confocal images from cells randomly selected from the cultured B16/GPR4 and B16/vector cells to study their morphology features including volumes of cytoplasm, nucleus and mitochondria. Care was taken to ensure that the cells were settled in the media between glass covers before images were taken to reduce possible cell motion during imaging. Each image stack consists of about 40 slices with 0.5 mm step size along the z-axis. A 3D reconstruction software has been developed based on our previous work [6] . The software can generate the 3D structure of the cells in a compressed data format for numerical modeling of light scattering and in standard stl format for viewing. Details of the 3D reconstruction techniques and statistical analysis of morphological features will be reported elsewhere.
Diffraction imaging of single particles
The B16F10 cells were removed from culture and immobilized in a 1 : 3 mixture of the culture medium with a clear gel consisting of water, glycerol, and hydroxyethyl cellulose in a glass cuvette. Vitality of the cells embedded in the medium-gel mixture has been examined with trypan blue staining and we found that almost all cells remain viable within one hour after embedding at a room temperature of about 22 C. All subsequent diffraction imaging were carried out under the above condition after centrifuging the gel sample to remove most air bubbles. The glass cuvette filled with the gel sample was placed on a stage which can be translated in three directions of x, y and z, as shown in Figure 1 . To validate the system, we started our study with polystyrene spheres (Duke Scientific) embedded the clear gel.
We designed and built a split-view imaging system to acquire diffraction images of specimens carried by a flowing fluid or embedded in clear gel. The imaging system consists of the objective, beam splitter, tube lenses and cameras and the assembly can be translated along the x-and z-axis. An infinity-corrected microscope objective (M Plan Apo 50Â, Mitutoyo) of 13 mm in working distance and 0.55 in NA was used to relay the scattered light from an illuminated specimen to a beam splitter in an angular region centered at 90 from the direction of the incident light along the y-axis. Images were acquired with a thermoelectrically cooled camera (CCD1) (U2000, Apogee) while a video camera (CCD2) was used for alignment. This arrangement makes it easy to align the imaging system relative to the specimen with a non-coherent light source as described below.
As displayed in Figure 1 , two light sources were used for different imaging purposes. A diodepumped solid state laser (SCL532CW, Snake Creek Lasers) was used to produce a linearly polarized, 45 from the horizontal direction, and cw laser beam with the wavelength l ¼ 532 nm. A 10 Â beam expander and a spherical lens of 100 mm in focal length were used to collimate, expand and focus the laser beam at the selected specimen in the gel. The incident power at the specimen was varied between 1 and 5 mW using neutral density filters as the excitation source for diffraction imaging. We constructed a Kohler setup with a fiber-coupled tungsten lamp illuminator to provide a uniform and non-coherent white light source for bright-field imaging with CCD1 or system alignment with CCD2. With the white light source, finding the target cell in the gel with the objective aligned into the focused position can be done without the laser beam to eliminate possible damage to cells.
Results and discussion
In the first part of study, we investigated the effect of the objective location on the diffraction imaging. Once the specimen had been located, the objective was first aligned into the focused position under white light illumination. This position was employed for later image acquisition as the reference position or x ¼ 0. Figure 2 presents examples of these noncoherent bright-field images. After the system alignment, the laser beam was introduced for diffraction imaging and the imaging system was translated from the reference position of x ¼ 0 and diffraction images were taken at each stop with exposure times ranging from 50 ms to 3 s. The direction of x > 0 refers to moving the objective towards the specimen. Figure 3 displays a set of diffraction images acquired at x between À500 mm and þ500 mm from a sphere of 25 mm in diameter. These image data exhibit two features. First the images acquired at x > 0 present the characteristic vertical fringe pattern one expects from the Mie theory of light scattering by single spheres [13] . Further, and counterintuitively, the images acquired at increasing x values exhibit expanded fringes in the FOV of the camera. Second the images acquired at x < 0 contain fringe patterns that are largely independent of the specimen's structure as the objective is moved away from the specimen.
In addition to the sphere of 25 mm in diameter, we also carried out imaging of polystyrene spheres of 9.6 mm in diameter and 4 melanoma cells using the same sequence of translating the objective at different x positions. The dependence of the diffraction images exhibit similar features as discussed above on the two sides of x ¼ 0. After analysis of the sphere image data, we determined that the diffraction images acquired at x ¼ 200 mm correlate strongly with the particle morphology and examples of these images are presented in Figure 4 together with those acquired at x ¼ À200 mm as comparison. To understand these diffraction image data, we calculated the angle-resolved scattered light distribution based on the Mie theory [13] and projected the results on a y-z plane as calculated diffraction images without consideration of the objective and tube lens. The refractive indices of 1.59 and 1.40 were used for the sphere and host medium of clear gel, respectively, for the wavelength of l ¼ 532 nm. Different values of the angular distance Q were used in the calculated diffraction images, which corresponds to the half-width angular distance of FOV along the horizontal direction or y-axis. The calculated and measured diffraction images are shown in Figure 5 for spheres of the two different diameters.
In obtaining the calculated images, the microscope objective was not included in the modeling and the only variable was the angular distance Q, with decreasing Q corresponding to expanded fringes in FOV. Comparing of the calculated images at different Q with the measured images acquired at x ¼ 200 mm, as shown in Figure 5 , shows that a best fit is achieved with Q ¼ 16 if we use the number of fringes in FOVas the criterion. Note that the half cone angle Q corresponding to the objective placed at the focused position (x ¼ 0) is 23 based on the objective's NA (¼ 0.55) and the refractive index of the gel n ¼ 1.40). So the result of Q ¼ 16 for the calculated image to be comparable to the diffraction image acquired with the objective moved towards the sphere from x ¼ 0 by 200 mm, is unexpected and should be due to the defocused objective. We note also that the fringes in the calculated images do not curl near the edges of FOV as those in the measured one which may be attributed to the effect of the objective as well. The disagreement between the measured and calculated images may be resolved by incorporating the effect of the microscope objective into the modelling of light scattering using the point-spread function.
In the second part of the study, we examined the morphological changes induced in the B16F10 cells to examine if these cells can be used as a model for study of the correlation between diffraction images and 3D morphological features. We observed that the expression of the G protein-coupled receptor, GPR4, in B16F10 cells increased the formation of dendrites and led to changes in morphology. Furthermore, it has been found that GPR4 expression increased melanin content by 4 fold by direct measurement of melanin concentration with a spectrophotometer (L. V. Yang et al. unpublished data) due to the increased production of melanin particles, which are markers of melanocyte differentiation [14] . An assay of 10,000 cells has been performed with a conventional flow cytometer (FACScan, Becton Dickinson) for each of the two cell types and the plots of light scatter are presented in Figure 6 . From these data, one can observe that the mean value of the foward scatters by the B16/vector cells (mean value ¼ 391) are slightly larger than that by the B16/GPR4 cells (mean value ¼ 375) while the relation in side scatters is reversed (228 vs. 414).
To quantitatively investigate the morphological changes, 3D reconstruction of melanoma cells has been performed with an in-house developed software through confocal imaging. The pixels in the confocal image stacks were first sorted into four groups: background, cytoplasm, nucleus and mitochondria according to the intensity and wavelength of fluorescence emission. Then the contours of related organelles between neighbouring slices were connected for 3D structure and volume calculation. One example of 3D structure for a B16/GPR4 cell is presented in Figure 7 in two sectional views. Five cells from each of the two cell types were randomly selected to acquire confocal image stacks for 3D reconstruction. The extracted volume data are listed in Table 1 . Further study of the molecular mechanisms and functional significance of GPR4-induced morphological change and melanin production and differentiation in B16F10 cells are currently under investigation.
It is interesting to note that the cytoplasm volumes of the two cell types appear to be different while the volumes of the nucleus and mitochondria between the two types are close in values. The fact that B16/vector cells have larger cytoplasm volume may be used to explain the feature revealed by the plots of light scatters in Figure 6 , which can be interpreted as the B16/vector cells having larger cell volume and less intracellular heterogeneity. Furthermore, the variation in cytoplasm volume, induced by the GPR4 receptor, may suggest a significant difference between the cytoskeletons of these cells which can have important consequences in cells' ability for adhesion and migration. While a conventional flow cytometer can be used to acquire light scattering data as shown in Figure 6 , one can clearly see that these data provide very limited quantitative information on 3D morphology. In contrast, the diffraction images presented in this report demonstrate large difference between spheres of different sizes and spheres and cells of similar sizes and thus can be used to extract 3D morphological features as we discussed in the introduction. A study of different B16F10 cell populations with a diffraction imaging flow cytometer and comparison with FDTD numerical modelling is in preparation and results are expected to appear soon.
Conclusion
Even though research related to flow cytometry can be dated back to 1930s [15] , wide use of this technology as a high-throughput method of cell assay did not appear until half a century later after significant progress in fluidic technology and cell optics. Flow cytometry is now the method of choice for rapid analysis and sorting of cells in large populations on single cell basis. One significant disadvantage of the current technology based on integrated light signals lies in its very limited capability in extracting morphological features which carry rich information on cells.
In this report we presented experimental results concerning the effect of microscope objective on diffraction imaging of single specimen embedded in gel. Our results show that diffraction images acquired with an objective correlate strong correlation with the 3D morphology of the specimen if these images are taken at a defocused position towards the specimen. We have also investigated the 3D structures of tumorigenically transformed B16F10 melanoma cells and established that these cells can be used as a model for study of 3D morphology with the diffraction imaging method. With a recently developed flow-in-fluid flow chamber, the method of diffraction imaging with a microscope objective, as reported in this paper, has been implemented in a flow cytometer to acquire rapidly image data for extraction of 3D morphological features. It is worth noting that the diffraction images acquired from single spheres and cells embedded in gel have fairly large background noise due to the presence of other particles, including air bubbles in the laser beam path. We found that the diffraction images acquired from flowing spheres and cells are of much higher signal-to-noise ratio than presented here with the special flow chamber if the objective is placed at the defocused position of x ¼ 200 mm [11] . 
